ABSTRACT: Erodium macrophyllum is a rare annual forb that was once widespread in California, but has become largely restricted to clay soil outcrops. An effort was made to restore it to a soil where it was once likely abundant. This soil is now dominated by exotic annual grasses and forbs from the Mediterranean that grow in patches with native forbs. To determine whether there is a competitive hierarchy of E. macrophyllum with the dominant matrix species, we examined establishment and seed production of E. macrophyllum in patches of forbs and grasses in a southern California exotic grassland over 3 yr. We sowed seeds of E. macrophyllum into patches where the dominant species was either Amsinckia menziesii (native forb), Erodium brachycarpum (exotic forb) or Bromus spp. (exotic grasses) and into adjacent manually weeded control plots. All 3 competitors negatively impacted E. macrophyllum seed production, but seldom affected seedling establishment. Although we expected that a native forb would be most compatible with E. macrophyllum, A. menziesii in fact had the most negative effect or was equivalent to E. brachycarpum, and Bromus spp. had the least negative effect. Bromus plants had the lowest density of the 3 matrix species, the lowest rate of recolonization following removal, and grew in soil with the highest levels of extractable N and P. In this case, the competitive hierarchy was confounded by soil nutrients, so that establishment of E. macrophyllum was greatest in patches of Bromus. However, both native and exotic competitors reduced E. macrophyllum establishment, so weeding all known species of competitors will be needed to increase chances of seed production and promote restoration of this rare annual forb. 
INTRODUCTION
Competition by invasive species has reduced the abundance of native plant species in many grasslands of the world (Mack 1989 , Rose et al. 2004 , Seabloom et al. 2006 , Isermann et al. 2007 ) and is a major obstacle to restoration of these species (Nelson & Allen 1993 , Dyer & Rice 1997 , Eliason & Allen 1997 , Tikka Paivi et al. 2001 . The rare annual forb Erodium macrophyllum was once widespread across California (Gray 1876) , and is now restricted primarily to clay soil outcrops (Gillespie 2005) . California grasslands have been invaded by Mediterranean annual grasses and forbs in a broad range of soil types (Heady 1990 , Minnich 2008 that may currently restrict the distribution of E. macrophyllum. A greenhouse study showed that E. macrophyllum has faster growth rates in widespread loamy and sandy soils than clay soil, suggesting that soil is not the limiting factor in its current restricted distribution (Gillespie & Allen 2006 ). An experiment was done to introduce E. macrophyllum into a widespread soil type that was likely within its range of habitats in the recent past, but is now heavily invaded by Mediterranean annuals.
Although California was historically known for extensive fields dominated by native forbs (Schiffman 2000 , Minnich 2008 ), few restoration studies have explicitly focused on forbs. In one example, the endangered native annual Amsinckia grandiflora competed poorly with exotic grasses (Pavlik et al. 1993 ), but established well in a matrix of native grasses and forbs (Carlsen et al. 2000) . The choice of sites and species to target for restoration must be undertaken with an understanding of the relationships between invasive and native species. One-time treatments such as fire, mowing and weeding may alter community composition enough to allow reestablishment of desired species, but their effects are often short-lived because the invasive species return in abundance after a few years (Dyer et al. 1996 , Allen et al. 2005 , DiTomaso et al. 2006 .
Our approach to establishing Erodium macrophyllum was to select different competitive backgrounds so the rare species would be in a matrix of other native species or invasive species. Revegetating the entire site to alter the competitive background is difficult (Carlsen et al. 2000) , so we took advantage of natural patches of native species. Dominant species can vary temporally and spatially, especially in annual vegetation (Heady 1958) . These dominants may form competitive hierarchies with different abilities to exclude the species being restored (Keddy 1990 , Shipley & Keddy 1994 , Connolly 1997 , Keddy et al. 2000 . In annual grasslands in southern California the dominant species are often Amsinckia menziesii (native forb; Menzie's fiddleneck), Erodium spp. (exotic forbs; filaree) and Bromus spp. (exotic grass; brome grasses). Restoration work in southern California grasslands has resulted in areas where the dominant species have shifted from exotic grasses to exotic forbs (Allen et al. 2005 , Cox & Allen 2008 . If the competitive relationships between the target restoration species and the dominant exotic and native species were understood, then restoration efforts could be appropriately aimed at seeding with natives in specific areas where competitive relationships are reduced.
In this study we used a competitive hierarchy approach to restore Erodium macrophyllum to an exotic grassland. In a prior study using fire to control exotic grasses, E. macrophyllum was more abundant in a matrix of exotic E. botrys plus the native perennial Nassella pulchra (purple needle grass) than in a matrix of exotic grasses, also suggesting a competitive hierarchy dominated by exotic grasses (Gillespie & Allen 2004) . We hypothesized that the competitive hierarchy for establishment of E. macrophyllum would range from exotic grasses as the most competitive, to exotic forbs as the next most competitive, and native forbs as compatible with establishing a rare species (Nelson & Allen 1993 , Dyer & Rice 1997 , Eliason & Allen 1997 , Tikka Paivi et al. 2001 , Gillespie & Allen 2004 , Allen et al. 2005 , Cox & Allen 2008 . We tested the hypothesis by seeding E. macrophyllum in weeded and control patches of the 3 matrix species and followed establishment and fecundity over 3 yr. Hickman (1993) .
MATERIALS AND METHODS

Study
The Reserve has a Mediterranean-type climate with most of the rainfall occurring between November and April, with an annual average of 260 mm. The winter growing season is generally cool and mild while summers are dry and hot. Erodium macrophyllum does not occur naturally in Crown Valley, which had likely been farmed for almost 100 yr prior to abandonment (Allen et al. 2005) , but does occur about 1 km away in clay soil outcrops on Bachelor Mountain (Gillespie 2005) . The soil in Crown Valley is a sandy loam mollisol derived from granitic parent material. Most of the valleys of the region have been historically dry-farmed with annual grains or converted to annual pasture grasses, so this is typical of the kind of site and soil type where restoration would occur.
Experimental design. We used a 2 × 3 factorial block design replicated 5 times to assess the effects of different matrix species on Erodium macrophyllum. For each of the 5 blocks, we found an area in Crown Valley that had patches where Bromus spp., E. brachycarpum, or Amsinckia menziesii were dominant, so that each block contained plots with all 3 matrix species. A matrix species was considered dominant in a patch if it had > 85% relative cover. In each of these relatively uniform patches we set up paired plots, one of which received a weeding treatment and the other was left unmanipulated as a control (5 blocks × 3 matrix species × 2 weeding treatments = 30 plots). did not estimate percent cover of the different matrix groups because plant cover was very low and almost all species were dead in April. Percent cover of matrix species was estimated to the nearest 1% by placing a gridded frame over each plot. Estimates for percent cover were always made by the same person to reduce subjective error.
During January of 2001 and 2003 we measured Erodium macrophyllum neighbor density and overall plot density. Neighbor density was measured in January by randomly selecting 155 E. macrophyllum seedlings, placing a 16 cm 2 mini-frame around the center of 1 E. macrophyllum seedling and counting the density of each neighbor species. E. macrophyllum seedlings were approximately 2 to 3 cm in diameter when we counted neighbor density. For all 155 E. macrophyllum seedlings, the neighbors were always Amsinckia menziesii, Bromus spp. and/or E. brachycarpum.
Overall plot density was measured again in April of 2003 by randomly placing a 36 cm 2 frame (plants were larger, requiring a larger frame) in each plot and counting the number of rooted plants within the frame. At this time, most of the plants were reproducing or at least beginning to bolt. For grass density, individual plants were counted, not tillers.
In February of 2003 we collected soil samples from each of the plots to compare soil nutrients in patches dominated by different matrix species. Soil was collected from the upper 10 cm of the soil profile from near the center of each plot while doing minimal harm to any plants. Soils were analyzed for waterextractable nitrate (NO 3 -), bicarbonate-extractable phosphorus (P), and organic matter by combustion at the Analytical Laboratory of the Division of Agriculture and Natural Resources, University of California, Davis, California.
Statistical analyses. We used a 2-way ANOVA (analysis of variance) with 2 levels of competition and 3 levels of matrix species to assess the treatment effects and their interaction on percent cover of different species, Erodium macrophyllum fecundity and soil nutrient characteristics. For E. macrophyllum fecundity we used the mean fruits per plant as the dependent variable. Analyses were done using StatView and JMP (SAS Institute). Means and standard errors (SE) are reported throughout and p < 0.05 was considered significant. Mean separations were done using the least significant difference (LSD 0.05 ).
RESULTS
Density of Erodium macrophyllum in January 2001
was significantly greater in the plots where Bromus spp. was the matrix species than Amsinckia menziesii or E. brachycarpum (p = 0.048; Table 1 ). By April of 2001 the density of surviving E. macrophyllum had declined almost to 0, as this was a dry spring, although prior to April plants survived to maturity, so fruit set could be assessed on senescent plants. In January 2002 the density of E. macrophyllum was also greatest in Bromus plots; establishment was greater in nonweeded than weeded plots within each matrix species treatment, suggesting an initial beneficial effect of matrix plant cover on establishment in this dry year. However, the density of E. macrophyllum was also 0 in April 2002, and no plants reached maturity because of the drought. In 2003 there were no significant differences in E. macrophyllum densities among matrix species treatments within either of the 2 sample dates ( Table 1) Fecundity of Erodium macrophyllum had a more pronounced response to matrix species than did density. During 2001 E. macrophyllum plants growing in weeded plots produced more fruit than in the nonweeded plots (Fig. 1a) . For weeded plots, E. macrophyllum had the greatest fecundity in the plots dominated by Bromus spp. (Fig. 1a) . During 2003, E. macrophyllum plants growing in the weeded plots also had greater fecundity than in non-weeded plots (Fig. 1b) , even though weeding had only been done once 2 yr earlier. There was also a matrix species effect, where E. macrophyllum plants growing in Bromus spp. plots had the greatest fecundity (Fig. 1b) .
Plots that were weeded in fall of 2000 were not weeded again in subsequent years, so any plants growing in them represented natural re-establishment following removal of all species (except Erodium macrophyllum). Cover of species groups (exotic grasses, exotic forbs, native forbs) in weeded plots was less than that for the same species group in nonweeded plots, although total cover was comparable among the weeding treatments (Fig. 2) . Cover of Bromus spp. was consistently lower in the weeded plots indicating low recovery by Bromus spp. and more rapid invasion by Amsinckia menziesii and E. brachycarpum. The cover of Bromus spp. was approximately equally divided among the 2 species present, B. rubens and B. diandrus. The native forb group included primarily the annual forb A. menziesii, with a few percent cover of Calandrinia ciliata and Emmenanthe penduliflora. The exotic forb species were primarily the annual E. brachycarpum, and lesser cover of Medicago polymorpha and Sisymbrium ) (F = 9.83 2,24 , p = 0.0008).
There was both a weeding effect and a weeding × matrix species effect (p = 0.001) on nitrate, and a matrix species effect on phosphorus (Fig. 3) . Weeded Bromus spp. plots had greater soil nitrate than the other matrix species treatments (Fig. 3a) . There was no difference in phosphorus between the weeding treatments, but there was higher phosphorus in plots dominated by Bromus spp. (Fig. 3b) . There was no significant difference in percent soil organic matter among any of the treatments (mean % organic matter = 1.56 ± 0.52).
DISCUSSION
The invasion of California by Mediterranean annuals occurred early, before botanical records were kept, so attempts to restore the vegetation are often done in the absence of knowledge of the original vegetation (Minnich 2008) . We initiated restoration to understand the interactions of Erodium macrophyllum with dominant native and invasive species. As hypothesized, the native Amsinckia menziesii did not provide a matrix of reduced competition compared to the exotic species. In fact, A. menziesii is a widespread native that has achieved weedy status in some areas under domestic grazing (Heady 1958 , Pantone et al. 1995 , and its present-day dominance may not be reflective of the presettlement vegetation of California. E. macrophyllum may never have been abundant in stands of A. menziesii, but rather persisted historically in areas of unknown native species composition. The clay outcrops where it currently occurs have sparse cover of both native and exotic species (Gillespie 2005) .
Exotic grasses have been the focus of restoration studies because of their dominance (e.g. Dyer & Rice 1997 , Eliason & Allen 1997 , Hamilton et al. 1999 ), but our results showed that the impact of Bromus spp. on Erodium macrophyllum was not as great as that of either matrix forb species, Amsinckia menziesii or E. brachycarpum. This suggests that the congener E. brachycarpum and other exotic species of Erodium may also be important in the displacement of E. macrophyllum throughout California. The Bromus plots provided less competitive environments than the other matrix species plots, but B. rubens may not necessarily be inferior in one-on-one competition (Yoshida & Allen 2004) . Furthermore, applying a restoration technique that reduced exotic grass was not as effective as hoped for, as it resulted in increased density and cover of exotic forbs, primarily E. brachycarpum. Other attempts to control dominant invasive species have similarly resulted in an increase in exotic or undesired species, so this was not an unexpected result (Cione et al. 2002 , Allen et al. 2005 , Hulme & Bremner 2005 , Cox & Allen 2008 . Bromus spp. did not impact Erodium macrophyllum fecundity as severely as the other matrix species, both because of lower cover and density of Bromus spp. and because of elevated soil nitrate and phosphorus in Bromus plots. It is not apparent whether Bromus spp. grew in these patches because it requires soil of higher nitrate and phosphorus, uses less nitrate and phosphorus, or promotes greater nitrate and phosphorus mineralization. A number of invasive plant species are known to have feedbacks on the soils they colonize by causing changes in soil chemical and biological properties (Ehrenfeld 2003) . For instance, B. tectorum (Blank & Young 2004 ) also has elevated soil nitrate because of increased nitrate mineralization, so higher rates of mineralization are possible for the 2 species of Bromus examined in this study. The higher soil nitrate after removal of Bromus could be a result of reduced nitrate uptake by the absence of a dominant species, or elevated mineralization from the roots that were left after shoots were removed. We removed aboveground material to minimize nutrient effects from decomposing plant material, but such effects cannot be avoided entirely in removal experiments because roots remain. In contrast, removal of the 2 forb species did not cause a change in soil nitrate.
The competitive hierarchy was reversed in another study on establishment of Erodium macrophyllum, which established poorly in Bromus spp.-dominated stands, but had greater density following fire where the dominant matrix species was the exotic E. botrys (Gillespie & Allen 2004) . However, the use of fire was a critical difference in this study, as the fire treatment may have released mineral nitrate (DiTomaso et al. 2006) in plots that were then colonized by high-density E. botrys. This suggests that elevated soil nitrate and/or phosphorus are likely responsible for the improved performance of E. macrophyllum in Bromus plots, rather than differential competitive ability with Bromus spp. compared to the other matrix species.
Thus, soil nutrients may be more important in determining the competitive hierarchy of E. macrophyllum with the matrix species than their intrinsic competitive characteristics.
Competitive abilities can change with shifts in resources and disturbance (Tilman 1982 , Suding & Goldberg 2001 ). The clay soils on which remnant natural populations of Erodium macrophyllum occur are low in nitrate and phosphorus levels compared to the Crown Valley soils (Gillespie 2005) . Greenhouse experiments showed that E. macrophyllum grew better in soils with higher concentrations of nitrate and phosphorus (Gillespie & Allen 2006) . But this does not necessarily indicate its competitive ability; the matrix species may be even more responsive than E. macrophyllum to higher nutrients and better soil texture, as they showed by their dominance at the research site. Or conversely, the matrix species may be poorer competitors in low productivity soils where E. macrophyllum is successful. This hypothesis is in agreement with an experiment by Keddy et al. (2000) in which competitive ability of several species increased with soil productivity, while others declined. Soil nutrition is an important factor when assessing competitive hierarchy.
Recolonization of Bromus spp. following weeding was surprisingly slow during the 3 years, and may be related to the altered soil microsites and requirements for Bromus establishment following weeding and litter removal. Weeded plots may have been more rapidly recolonized by native and exotic forbs relative to Bromus spp. because some of these species have increased germination on exposed soils (Rice 1985) . That is, non-Bromus plots may have high density and cover of native and exotic forbs because they preferentially establish where there is not a dense buildup of grass litter. The increase in native forbs after weeding plots, even after 3 yr, shows that without weeding, exotic grasses and forbs suppress native forbs. The slow response of Bromus spp. to reestablish in weeded areas is potentially useful for restoration purposes because this provides a window of time in which native species might establish with reduced competition. This window was up to 5 yr in another experiment in Crown Valley (Allen et al. 2005) . While hand weeding large areas is not practical, other restoration methods such as grazing, herbicide, and fire can be used to reduce cover of exotic grasses (Gillespie & Allen 2004 , Allen et al. 2005 , DiTomaso et al. 2006 .
Restoration of Erodium macrophyllum and other native forbs into these invaded grasslands will be difficult at best. Given the higher levels of soil nitrate and phosphorus under Bromus, seeding E. macrophyllum into patches of Bromus spp. will result in the greatest likelihood of successful establishment, at least in the short term observed here, because E. macrophyllum consistently produced more fruits in these plots. Longterm observations will be required to determine whether these newly introduced plants persist in this location and how frequently Bromus spp. and the other matrix species will need to be controlled. Abundance of annual exotic grasses and forbs fluctuate with annual variability in climate, and grasses became especially abundant in Crown Valley during the wet year of 2004 following this study (Allen et al. 2005) . In another reintroduction study, the rare native annual Amsinckia grandiflora persisted in restored native grassland but not in exotic grassland (Carlsen et al. 2000) , suggesting that continued control of exotic grasses would be needed for persistence of restored native forbs. Thus, the next step for restoration of E. macrophyllum or any rare species is to reintroduce the associated native flora and thereby create a more stable community for its persistence. This will be particularly challenging in California because of the absence of information about the original native community composition (Minnich 2008) . Understanding the competitive hierarchy of exotic and native species interactions, and how associated changes in soil nutrients interacts with this hierarchy, is an important step toward restoring rare native species. 
